Abstract. Low expression of the clock gene PER2 is closely related to carcinogenesis and the development of cancer; however, the mechanism of the low expression of PER2 that led to cell malignant transformation remains unclear. This study used RNA interference (RNAi) technology to silence PER2 in SCC15 human oral squamous cell carcinoma (OSCC) cells. Then it was found that the ability of cancer cell proliferation, migration, and invasion were markedly increased (P<0.05), and the ability of cancer cell apoptosis and the number of cells in G1/G0 phase were markedly reduced (P<0.05) after PER2 knockdown. PER2 knockdown increased the expression of MDM2, MMP2, and VEGF mRNA (P<0.05), and decreased the expression of p53, Bax, and TIMP-2 mRNA (P<0.05). The in vivo experiments also proved that the tumorigenicity of SCC15 cells was significantly enhanced after PER2 silence (P<0.05). Overall, these results show that PER2 through the regulation of the numerous important downstream tumor-related genes, plays a major role in tumor suppression, and it may be a novel molecular target for cancer treatment.
Introduction
Many important life activities in organisms are driven by an endogenous clock, such as cell metabolism, secretion, and immune activity (1) (2) (3) (4) . The circadian system coordinates physiological processes to be synchronized to external environment (2, 3) . The clock gene expression is a core mechanism underlying cellular biochemistry generating circadian oscillations (5) . Clock genes are the core that constitutes the circadian clock, within virtually every cell in the body (6, 7) . To date, at least 14 core clock and clock-related genes have been reported, including PER1, PER2, PER3, Cry1, Cry2, Clock Bmal1, TIM, CK1ε, NPAS2, REV-ERBs, Dec1, Dec2, and RORs (3, (8) (9) (10) . Clock genes have three important functions. First, clock genes regulate the time course of physiological, biochemical, and behavioral processes, thereby adapting to the changing of environmental conditions (2) . Second, clock genes can adapt to external environmental changes through a reset function (2, 5, 11) . Third, clock genes can affect cellular life activity by regulating numerous downstream genes (12) . It has been reported that 2-10% of the genes in the mammalian genome are controlled by clock genes, and these are known as clock-control genes (CCGs) (13) (14) (15) . Aberrant expression of clock genes can regulate downstream clock-control genes and cause various diseases, such as cancer, endocrine diseases, cardiovascular illnesses, and depression (3, 6, (16) (17) (18) . The International Agency for Research on Cancer have identified that the carcinogenesis of aberrant expression of clock genes is equal to that of diesel engine exhaust gas, inorganic lead compounds, and human papilloma virus (19) .
Previous studies have revealed that abnormal expression of clock gene Period 2 (PER2) plays a key role in carcinogenesis (1, 6, 11, 12, 14, 15) . PER2 is reduced in various types of cancer cells, including breast cancer, neck squamous cell carcinoma, prostate cancer, colorectal cancer, hepatocellular carcinoma, skin cancer, gastric cancer, and myeloid leukemia (1, 10, 14, (20) (21) (22) (23) (24) (25) (26) . PER2 can regulate downstream plentiful cell cycle genes, such as CyclinA, CyclinB1, CyclinD1, CyclinE, p53, and C-myc (14, (27) (28) (29) . Our previous study also demonstrated that PER2 expression is decreased in oral squamous cell carcinoma (OSCC) (13) , and lower expression of PER2 in OSCC cells increased the expression of downstream cell cycle genes, such as CyclinA2, CyclinB1, CyclinD1, CDK4, CDK6, and E2F1, and decreased expression of p53, p16, and p21 (30) . Therefore, it has been suggested that aberrant expression of PER2 leads to balance disorders of cell proliferation and apoptosis, alters cell cycle course, and cell cycle checkpoint repair in response to DNA damage, thus resulting in malignant cell transformation. However, carcinogenesis is a complex process involving cell apoptosis, proliferation, invasion, metastasis, and tumor angiogenesis (4,6,8,9,31). To further explore the relationship of PER2 with the occurrence and development of cancers, in our studies we applied RNA interference to silence PER2 expression in OSCC cell line SCC15 cells and detected that the capability of cancer cell proliferation, metastasis, and invasion was markedly enhanced and apoptosis capability markedly reduced. The expression level of Ki-67, MDM2, c-Myc, Bcl-2, MMP2, and vEGF mRNA significantly increased, and the expression level of p53, Bax, and TIMP-2 mRNA significantly decreased. The in vivo tumorigenicity of cancer cells was also increased after PER2 knockdown. Our findings further clarify the relationship and mechanism of clock gene PER2 with the occurrence and development of cancers and may provide a new molecular target for the effective treatment of cancer.
Materials and methods
Cell culture. SCC15 human OSCCs, purchased from Life Sciences Institute of Chongqing Medical university (Chongqing, China), were routinely cultured in Dulbecco's modified Eagle's medium (DEME)/F12 (HyClone, Logan, UT, uSA) supplemented with 10% fetal bovine serum (HyClone), 100 Iu/ml penicillin, and 100 µg/ml streptomycin (both from BioWhitaker, Walkersville, MD, USA) in a humidified atmosphere with 5% CO 2 at 37˚C. Logarithmic growth phase cells were selected for the experiment. The experiment was approved by the ethics committee of Chongqing Medical university.
Construction and identification of short hairpin RNA (shRNA) lentivirus plasmids. Based on the mRNA sequence of the human PER2 protein (Gene ID: NM-022817) and the design principles for RNA interference (32), the three different target point sequences of PER2 gene (PER2-I: CAGAGTCCAGA TACCTTTA; PER2-II: ATCCATATTTCACTGTAAA; and PER2-III: CACACACAAAGAACTGATA) were selected, and three PER2 interference sequences were designed and synthesized: PER2-shRNA-I, PER2-shRNA-II, and PER2-shRNA-III (Table I) . Then, we used T4 DNA ligase, respectively, to insert each of the shRNAs into the PLKO.1 vector (Sigma-Aldrich Co. LLC, St. Louis, MO, uSA) after the vector was linearized using AgeI/EcoRI to construct PER2-shRNA-I-III lentivirus plasmids. Moreover, the scrambled shRNA 5'-CCGGTT CTCCGAACGTGTCACGTTTCAAGAGAACGTGACACG TTCGGAGAATTTTTG-3' (Sigma-Aldrich Co. LLC), which had no interference effects on any genes, was used as the control. The above lentivirus plasmids were transformed into competent Escherichia coli DH5α and then coated onto plates in LB solid medium with Amp antibiotic and resistance cultured. The formed monoclonal colony inoculated in LB cultured medium was centrifuged at 300 rpm for 14 h at 37˚C. Afterwards, plasmids were extracted using a Tiangen EndoFree Plasmid Midi kit (Tiangen, Beijing, China) according to the manufacturer's protocol. The DNA was sequenced and the results were analyzed and identified using Chromas v2.1 (Technelysium, Brisbane, Australia).
Lentivirus PER2-shRNA plasmid packing. The PER2-shRNA-I-III (8 µg) and scramble plasmids (8 µg) were mixed separately with 20 µl of Lipofectamine 2000 (Invitrogen, Carlsbad, CA, uSA), according to the manufacturer's protocol, and then transfected into 293T cells at 70-80% confluence and cultured for 48 h in a humidified atmosphere with 5% CO 2 at 37˚C. Four different viral particles were stored at -80˚C after filtration with 0.45 µm filters.
Stable transfection. The SCC15 cells in logarithmic phase were detached by 0.25% trypsinization and resuspended in DMEM/F12 medium at a density of 1x10 6 cells/well, plated in 6-well plates. When the cells reached 20-30% confluency, they were infected by 50 µl lentivirus vectors and 10 µl polybrene, and medium was changed after being cultured for 12 h in a humidified atmosphere with 5% CO 2 at 37˚C, and continued to be cultured for 72 h, the cells were selected by puromycincontaining medium (2 µg/ml), which was refreshed every day for a total of 7 days, and the SCC15 cells of PER2 stable interference were obtained. The cells were divided into the following five groups: the PER2-shRNA-I, PER2-shRNA-II, and PER2-shRNA-III groups, which included SCC15 cells transfected with PER2-shRNA-I, PER2-shRNA-II, and PER2-shRNA-III, plasmid lentiviruses, respectively; the control group (Control-shRNA) of SCC15 cells transfected with a scramble of plasmid lentiviruses; and the SCC15 group consisting of untreated SCC15 cells, which was the blank control.
Quantitative real-time PCR (qRT-PCR).
The experimental procedure was performed following the protocols of the manufacturer (Takara Bio Inc., Kusatsu, Japan). First, total RNA was isolated from each group of cells according to the instructions for RNAiso Plus (Takara). The concentration and quantity of total RNA were estimated using a Nanodrop ND 2000 (Thermo Scientific). Second, the cDNA synthesis was carried out using a Prime Script RT Reagent kit (Takara) according to the manufacturer's protocol. The same amount of RNA was reverse-transcribed to cDNA. The reaction mixture contained 4 µl of 5X Primer Script Buffer, 1 µl of Primer Script RT Enzyme mix, 1 µl of Oligo dt Primer, 1 µl of Radom 6 mers, and 13 µl of RNase Free dH 2 O. The reaction conditions were 15 min at 37˚C, followed by 5 sec at 85˚C. Third, in quantitative real-time PCR, the primer sequences for the following target genes were designed using Oligo 7.0 software (DBA Oligo, Inc., Colorado Springs, CO, uSA): PER2, Ki-67, MDM2, c-Myc, p53, Bax, Bcl-2, MMP2, VEGF, TIMP-2, and β-actin (reference gene) ( Table II) . The reaction mixture for qRT-PCR included 12.5 µl of 2X SYBR Premix Ex Taq™Ⅱ, 1 µl of 0.4 µmol/l forward primers, 1 µl of 0.4 µmol/l reverse primers, 2 µl of a cDNA template (equal to 100 ng), and doubledistilled H 2 O in a total of 25 µl. The reaction conditions were carried out for 40 cycles with predenaturing at 95˚C (1.5 min), followed by 40 cycles of denaturing at 95˚C (10 sec), annealing and extending at 60˚C (30 sec), and collecting the fluorescence signal at 60˚C extending. The mRNA expression of each gene was calculated using the 2 -∆∆Ct method. The experiment was performed in triplicate.
Western blotting. Each group of cells (at >90% confluency) was scraped, the cells were lysed using RIPA lysis buffer (Beyotime, Jiangsu, China) for 30 min on ice and centrifuged at 12,000 rpm for 15 min at 4˚C, and the supernatant was obtained. The protein concentration was measured by BCA (Beyotime). Proteins (50 µg) were separated by SDS-PAGE (6%) gel for electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes (Pierce, Rockford, IL, uSA). The membranes were blocked with 5% skim milk and subsequently incubated overnight at 4˚C with mouse monoclonal anti-PER2 antibody (1:500; 19-J6:sc-101105; Santa Cruz Biotechnology, Inc., Santa Cruz, CA, uSA) and mouse monoclonal anti-β-actin antibody (1:1000; 60008-1-1g; Santa Cruz Biotechnology, Inc.), respectively, washed three times in PBS, followed by secondary goat monoclonal anti-mouse IgG (1:1000; SA00001-1; Protein Tech, Chicago, IL, uSA) for 1 h at room temperature. The precipitated proteins were washed three times in PBS and then detected and photographed by an ECL-advance Western Blot Detection System (Chmi Doc XRS+, Bio-Rad Laboratories, Inc., Hercules, CA, uSA). The experiment was performed in triplicate.
Cell Counting assay. PER2 mRNA and protein were knocked down most efficiently in PER2-shRNA-I cells, which were used for the following experiments. PER2-shRNA-I, Control-shRNA, and SCC15 group cells were plated in 96-well plates (1,000 cells/well) and counted every 24 h for 5 days. On the day of detection, the medium was changed to 100 µl fresh medium that contained 10% FBS and 10 µl CCK-8 (Dojingdo, Japan) and incubated for 1 h in 5% CO 2 at 37˚C, and the absorbance at 450 nm of each sample was examined by a microplate reader (BioTek, Winooski, vT, uSA) for 5 consecutive days. To ensure accuracy the experiment was performed in triplicate.
Colony formation assay. The cells were plated in 6-well plates (100 cells/well), cultured for 2-3 weeks in 5% CO 2 at 37˚C, and terminated when cell colonies could be seen by the naked eye. After being washed three times in PBS, the cells were fixed with methanol for 20 min, stained with 0.1% crystal violet for 20 min, and then washed with deionized water. The colonies (≥50 cells) were counted under a microscope (x200) (Olympus Corp., Tokyo, Japan). The colony formation rate was expressed as the percentage of colonies per numbers of inoculated cells. The experiment was repeated in triplicate.
Flow cytometry. Each group of cells in logarithmic phase was separated by 0.25% trypsinization, and the supernatant was discarded after being centrifuged at 800 rpm for 5 min at 4˚C.
The cell pellets were washed twice with precooling PBS and then resuspended in PBS at a concentration of 1x10 6 cells/ ml. 1) Cell cycle distribution and cell proliferation assays were performed as follows: Each group of cell suspensions (1 ml) was separately fixed using 0.5 ml of -20˚C 70% ethanol overnight at 4˚C and then centrifuge at 800 rpm for 15 min at 4˚C. The cells were stained with 1 ml prop- Table I . Sequences of PER2-shRNAs.
Group
Sense strand (5'-3') Antisense strand (5'-3')
TCAGTTCTTTGTGTGTGTC-3' Table II . Sequence of primers used for real-time RT-PCR.
Gene
Primer sequences
Ki-67 Cell migration assay. Each group of cells in logarithmic phase was detached by 0.25% trypsinization, and the supernatant was discarded after being centrifuged at 800 rpm for 5 min at 4˚C. The cell pellets were, respectively, washed twice with PBS and serum-free medium and then resuspended in serumfree medium. For migration assays, 2x10 4 cells in serum-free medium were placed in the upper chamber of a Transwell chamber (Corning Inc., Corning, NY, uSA), and medium containing 10% FBS to the lower chamber, and incubated for 20 h in a humidified atmosphere with 5% CO 2 at 37˚C. The cells were taken out of the transwell chamber, fixed with methanol for 20 min, and stained with 0.1% crystal violet for 15 min. A cotton swab was used to remove the non-migrated cells in the upper chamber. The number of cells that migrated to the lower surface of the membrane were counted in five random microscope fields (x200) (Olympus Corp.) and photographed. The experiment was performed in triplicate.
Cell invasion assay. The experimental procedures were approximately the same as for the cell migration assay described above, except the upper surface of a polycarbonate membrane was coated with 50 µl of Matrigel (BD Biosciences).
In vivo tumorigenicity experiment. Ten specific pathogenfree female BALB/c nu/nu mice (4-6 weeks old, 18-22 g) were purchased from the Institute of Experimental Animals (Chongqing Medical university). The mice were randomly divided into the experimental group (PER2-shRNA-I) and the control group (SCC15). PER2-shRNA-I and SCC15 cells (0.5x10 6 cells/ml) were harvested by centrifugation, and the two groups of cells were subcutaneously injected into the right back of mice with 0.2-ml suspensions, respectively. After 3 weeks, noticeable tumors were present, and the mice were sacrificed by cervical dislocation. The tumors were immediately removed, washed with PBS, dried on filter paper, and weighed using an electronic balance (AA-250, Denver Instruments, uSA). Tumor size was measured using a vernier caliper, and tumor volume (v) was calculated according to the following formula: (v) = 0.5 x a x b 2 , where a is the maximum length diameter and b is the minimum minor diameter. The tumors were then fixed with 4% paraformaldehyde, embedded in paraffin, sectioned, followed by routine hematoxylin and eosin (H&E) staining, and the sections were observed under an optical microscope (x200). All animal experimental protocols were approved by (C) Expression of PER2 protein was significantly downregulated in SCC15 cells transfected with PER2-shRNA-I, PER2-shRNA-II, or PER2-shRNA-III. Means ± SD from three independent experiments are shown. Significant differences among multiple groups were evaluated using one-way ANOVA; differences between two groups were evaluated using the LSD test. Statistical significance is indicated by asterisks. *** P<0.001. Figure 2 . Regulation of mRNA expression of tumor-related genes by silenced PER2 in SCC15 cells. The levels of Ki-67, c-Myc, Bcl-2, MDM2, vEGF, MMP2, TIMP-2, p53, and BaxmRNA were determined by real-time PCR in PER2-shRNA-I, Control-shRNA, and SCC15 groups. Means ± SD from three independent experiments are shown. Significant differences among multiple groups were evaluated using one-way ANOvA; differences between two groups were evaluated using the LSD test. Statistical significance is indicated by asterisks. Statistical analysis. Statistical analyses were performed using SPSS version 17.0 software (SPSS Inc., Chicago, IL, uSA). The in vivo tumorigenicity in the two groups was compared using a Student's t-test. The experimental data in multiple groups were analyzed by one-way analysis of variance (ANOvA) with pairwise comparisons, followed by the least significant different test (LSD-t). The results are presented as the means ± standard deviation (SD). A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Construction of lentivirus shRNA plasmids.
The DNA sequencing of PER2-shRNA-I-III recombinant lentivirus plasmids was precisely the same as the respective sense strands, which shows that the three shRNA targeting PER2 genes were successfully constructed and could be used in subsequent experiments.
Alterations of PER2 mRNA and protein expression after transfections in the SCC15 cells.
The PER2 mRNA expression and protein levels were significantly lower in the PER2-shRNA-I group than in the PER2-shRNA-I, PER2-shRNA-II, PER2-shRNA-III, Control-shRNA, and SCC15 groups (P<0.05). The PER2 mRNA expression and protein levels were not significantly different in the PER2-shRNA-Ⅱ and PER2-shRNA-III groups but were significantly lower than the Control-shRNA and SCC15 groups (P<0.05). The PER2 mRNA expression and protein levels were not significantly different in the ControlshRNA and SCC15 groups (P>0.05) (Fig. 1) . This finding indicated that PER2 downregulation was most effective in the PER2-shRNA-I group, and this group was therefore used in further experiments.
Alterations in the mRNA expression of tumor-related genes in SCC15 cells. The mRNA expression levels of Ki-67, MDM2, c-Myc, Bcl-2, VEGF, and MMP2 were significantly higher in the PER2-shRNA-I group than in the Control-shRNA and SCC15 groups (P<0.05), whereas the mRNA expression levels of p53, Bax, and TIMP-2 were significantly reduced (P<0.05). There was no significant difference between the Control-shRNA and SCC15 groups (P>0.05) (Fig. 2) .
Cell proliferation was determined by CCK-8 assay.
The CCK-8 tests revealed that the cell proliferation ability was significantly increased in the PER2-shRNA-I group as compared to the Control-shRNA and SCC15 groups (P<0.05), whereas there was no significant difference between the Control-shRNA and SCC15 groups (P>0.05) (Fig. 3A) . This finding demonstrates that PER2 knockdown significantly enhances cell growth ability.
SCC15 cell colony proliferation ability. The cell colony formation rate was significantly increased in the PER2-shRNA-I group (83.33±4.51%) as compared to the Control-shRNA (38.33±2.08%) and SCC15 (37.33±2.52%) groups (P<0.05), whereas there was no significant difference between the Control-shRNA and SCC15 groups (P>0.05) (C) Colony formation assay. Means ± SD from three independent experiments are shown. Significant differences among multiple groups were evaluated using one-way ANOVA; differences between two groups were evaluated using the LSD test. Statistical significance is indicated by asterisks. ( Fig. 3B and C) . This indicates that PER2 knockdown significantly enhances cell proliferation ability.
Cell cycle distribution, proliferation, and apoptosis. Flow cytometry analysis demonstrated that compared to ControlshRNA and SCC15, the number of cells in the G1/G0 phase was significantly lower in the PER2-shRNA-I group (P<0.05), the PI was significantly higher (P<0.05), and the AI was significantly lower (P<0.05) (Fig. 4) . These results indicate that PER2 knockdown altered cell cycle distributed and promoted cell proliferation ability and reduced the ability of cell apoptosis.
Effects of PER2 on migration and invasion in SCC15 cells.
In the PER2-shRNA-I, Control-shRNA, and SCC15 groups, the average numbers of migrating cells were 209±13, 39±3, and 36±3, and the average numbers of cells through Matrigel in cell invasion assay were 64±5, 20±2, and 22±2, respectively (Fig. 5) . The average numbers of migrating cells and invading cells in the PER2-shRNA-I were significantly higher than in the Control-shRNA and SCC15 groups (P<0.05), whereas there was no significant difference between the ControlshRNA and SCC15 groups (P>0.05). These data indicated that PER2 knockdown significantly promoted cell migration and invasion.
In vivo tumorigenicity of SCC15 cells. The mean tumor weight in the PER2-shRNA-I and SCC15 groups was 0.49±0.04 g and 0.18±0.03 g (P<0.05), respectively, and the average tumor volume was 0.29±0.02 and 0.09 ±0.02 cm 3 (P<0.05) (Fig. 6 ). These data indicated that the in vivo tumorigenicity of SCC15 cells was significantly increased after PER2 The proportion of cells in G0/G1 phase, S phase, and G2/M phase to the total number of cells; proliferation index (PI) and apoptosis index (AI) in the three groups. Means ± SD from three independent experiments are shown. Significant differences among multiple groups were evaluated using one-way ANOVA; differences between two groups were evaluated using the LSD test. Statistical significance is indicated by asterisks. knockdown. In the H&E-stained images of PER2-shRNA-I , the characteristic of the nuclear atypia, the nucleus cytoplasm ratio increase is more obvious than the SCC15 H&E-stained images.
Discussion
Recent studies have revealed that clock gene PER2 is reduced in various types of solid cancers, such as breast cancer, prostate cancer, and colorectal cancer (1, 14, 20, 24) , and PER2 can regulate downstream many cell cycle genes, such as CyclinA, CyclinB1, CyclinD1, and CyclinE; therefore, PER2 downregulation can lead to the process change of cell cycle, promote the growth of cancer cells, and inhibit apoptosis (27, 29) . Our previous research also proved that PER2 expression was reduced in human OSCC cells through the regulation of the downstream cell cycle gene, sequentially, which is closely related to the occurrence of cancers (30) . Our study further Means ± SD from three independent experiments are shown. Significant differences among multiple groups were evaluated using one-way ANOVA; differences between two groups were evaluated using the LSD test. Statistical significance is indicated by asterisks. investigated the relationship of PER2 expression alteration with cancer cells invasion, metastasis, apoptosis, proliferation, and tumor angiogenesis.
Recent studies have considered that clock gene PER2 can regulate cell cycle genes, sequentially, producing a close relationship with the occurrence of cancers (14, (27) (28) (29) . In the present study, however, we considered questions on two other aspects. First, it has been reported that 2-10% of the genes in mammalian genome are CCGs (13) (14) (15) . In addition to the cell cycle genes, we speculate that there may be CCGs regulated by PER2. Second, carcinogenesis is a complex process involving cell proliferation, apoptosis, invasion, metastasis and tumor angiogenesis (4, 6, 8, 9, 31 ). It remains unclear, then, whether these tumor-related genes were modulated specifically by PER2. Therefore, in our study, we first silenced PER2 expression in SCC15 human OSCC cells, and, after PER2 silence, we found that the SCC15 cells not only change in cell cycle progression, proliferation, and apoptosis but also greatly elevated the cell metastasis, invasion, and tumorigenic ability in vivo. It is suggested that PER2 also regulate the genes related to cancer cell metastasis, invasion, and tumor angiogenesis.
Previous studies have reported that the oncogene C-myc, tumor suppressor gene p53, oncogene MDM2, cell proliferation gene Ki-67, anti-apoptosis gene Bcl-2, apoptosis Bax, tumor invasion and metastasis gene MMP2, and tumor angiogenesis gene VEGF expression exhibit a characteristic of fluctuation over a 24-h cycle (10, 27, (33) (34) (35) , indicating that these genes are CCGs and should be regulated by the circadian clock gene; however, it is unclear whether they are regulated by clock gene PER2. Our study is the first evidence that PER2 silence in SCC15 cancer cells upregulates expression of Ki-67, MDM2, c-Myc, Bcl-2, MMP2, and vEGF mRNA and downregulates expression of p53, Bax, and TIMP-2 mRNA. It is proved that the close relationship between PER2 and occurrence of cancers was not only associated with cell cycle genes but also associated with these related genes of cell proliferation, apoptosis, metastasis, invasion and tumor angiogenesis.
MMP2 is a crucial gene and can cause cancer invasion and metastasis (36) . TIMP-2 is a major inhibitor of MMP2 (36) . We found that PER2 knockdown not only increased MMP2 expression, but also decreased TIMP-2 expression, proving PER2 regulates cancer cell metastasis and invasion ability from the above two aspects.
p53 is an important tumor suppressor gene involved in DNA repair, cell cycle, tumor angiogenesis, and other biological processes (27, 30, 37, 38) . MDM2 is the most vital molecule regulating p53 concentration and activity and destroys p53 protein via ubiquitination. Our study shows that PER2 downregulation decreased p53 mRNA expression and at the same time increased MDM2 mRNA expression. From transcription level it has been proved that PER2 knockdown can promote cell malignant transformation from the above two aspects. Gotoh et al (37) reported that PER2 knockdown caused p53 mRNA and protein expression to reduce the PER2 protein associated with p53 protein, forming a stable complex that keeps p53 at a stable level. This complex eventually incorporates MDM2 protein, forming a trimeric and stable MDM2/p53/PER2 complex and leading to the destruction of p53 protein via ubiquitination. Our present study was in accordance with the report of Gotoh et al (37) .
Ki-67 and c-Myc are vital genes that promote cell proliferation (10, 27) , and Bax and Bcl-2 are essential genes that promote cell apoptosis and anti-apoptosis, respectively (14, 34) . Hua et al (14) reported that PER2 overexpression in Lewis lung cancer cells (LLCs) increased Bax expression, whereas it decreased Bcl-2 and c-Myc expression, resulting in reduced cell proliferation and accelerated apoptosis. The study shows that PER2 silence in SCC15 cancer cells increased Ki-67, c-Myc, and Bcl-2 mRNA expression and decreased Bax mRNA expression, leading to a reduction in cell apoptosis. Our study further proved that PER2 plays an important regulatory role in cell proliferation and apoptosis.
It is now considered that PER2 can regulate cell cycle genes, sequentially, producing a close relationship with the occurrence of cancers. This study further found that PER2 at the same time controls numerous important downstream tumor-related genes of cell proliferation, apoptosis, metastasis, invasion, and tumor angiogenesis, that is, Ki-67, MDM2, c-Myc, p53, Bax, Bcl-2, MMP2, VEGF, and TIMP-2. The results of this study are beyond the general awareness of PER2 at present, and further in-depth study of protein levels would contribute to clarifying the close relationship and mechanism between PER2 and the occurrence of cancers. It is anticipated that new effective molecular targets for the treatment of cancers would emerge from these studies.
